This work was conducted to evaluate the effect of dilute sodium hydroxide (NaOH) on barley straw at boiling temperature and fractionation of its biomass components into lignin, hemicellulose, and reducing sugars. To this end, various concentrations of NaOH (0.5% to 2%) were applied for pretreatment of barley straw at 105 o C for 10 min. Scanning electron microscopy (SEM), atomic force microscopy (AFM), and Fourier transform infrared (FTIR) spectroscopy studies revealed that 2% NaOHpretreated barley straw exposed cellulose fibers on which surface granules were abolished due to comprehensive removal of lignin and hemicellulose. The X-ray diffractometer (XRD) result showed that the crystalline index was increased with increased concentration of NaOH and found a maximum 71.5% for 2% NaOH-pretreated sample. The maximum removal of lignin and hemicellulose was 84.8% and 79.5% from 2% NaOH-pretreated liquor, respectively. Reducing sugar yield was 86.5% from 2% NaOH-pretreated sample using an enzyme dose containing 20 FPU of cellulase, 40 IU of β-glucosidase, and 4 FXU of xylanase/g substrate. The results of this study suggest that it is possible to produce the bioethanol precursor from barley straw using 2% NaOH at boiling temperature.
During the last decades, depletion of fossil fuels and global warming prompted the search for renewable energy sources such as nuclear, water, wind, sun, lignocellulosic biomasses, etc. Among these energy sources, biomass has also attracted the interest of researchers as it is globally produced and used largely as waste or compost. The conversion of this lower valued biomass to bioethanol as transportation fuels is improving energy security and mitigating greenhouse gases emission. During its conversion, a major task in lignocellulosic bioethanol is the pretreatment step, which is necessary to disrupt and open up the tight lignocellulosic structure of cellulose, hemicelluloses, and lignin, facilitating further conversion into fermentable sugars [45] .
A range of chemical, physical, and biological processes to release these sugars have been configured, but all face challenges of cost, technological breakthroughs, and infrastructure needs [2, 25] . A coordinated study by the Biomass Refining Consortium for Applied Fundamentals and Innovation project has documented the technical and economical feasibility of six pretreatment techniques, which are dilute acid [24] , flow through [25] , hot water (neutral pH) [31] , ammonia fiber/freeze explosion [38] , ammonia recycle percolation [18] , and lime [16] , to produce high sugar yield. Moreover, several biological processes of biomass [12, 40] have been configured to release fermentable sugars and bioethanol production. However, sodium hydroxide, ammonia peroxide, and lime have received a great deal of attention as pretreatment agents, owing in part to cost-effective practices such as chemical and water recycling (process well developed in the pulping industry) and partly because lower enzyme loads are generally required to convert cellulose to glucose [34] . In recent years, alkalibased processes have become prominent in the pretreatment of straw and stover type of residues, mainly because they operate under lower temperatures, pressures, and residence times compared with other pretreatment technologies [39] .
It was once considered that alkali-pretreated biomass provided lower yield of total fermentable sugar than other chemical pretreatments. However, current biorefinery platforms are exploiting alkali-based processes for recovery of valuable high molecular weight oligoxylans/arabinoxylans [32] . The ultimate goal of a biorefinery is to achieve an efficient fraction of lignocellulosic biomass into multiple streams that contain value-added compounds so that the overall economics of a biofuel production facility can be significantly improved [47] .
Lignocellulosic biomass barley straw (Hordeum vulgare) accounts for a large portion of available biomass in Korea (2.25 × 10 5 t of dry barley straw per year) [19] . Research has been conducted on both the surface properties and chemical natures of barley straw [42] , as well as ethanosolv pretreatment [19] , and only a few reports have described alkaline pretreatment, swelling, and enzymatic hydrolysis. The lignocellulose fraction prevents microbial cellulase from contacting the cellulose, by adsorbing the enzyme and physically blocking the access to the cellulose surface. The bonding pattern between crystalline cellulose and amorphous hemicelluloses, lignin, and the cuticular waxy layer of barley straw, which contains lipids, a complex mixture of long-chain alkenes, branched chain alkenes, alkenes, esters of fatty acids and primary alcohols, and phenolic substances [26, 42] , make the enzyme activity very slow. However, the temperature is an important parameter, for biomass pretreatment can increase glucose yield or degrade biomass components into fermentation inhibitory products. Almost all previous studies on barley straw pretreatment with various chemicals, involved the application of elevated temperature (>100 o C). However, it was reported that alkaline reagents including lime and ammonia have been proven quite effective at much lower temperatures (room temperature to 50 o C) with more extended time [16, 18] . Sodium hydroxide is a stronger base than lime and ammonia, and thus potentially more promising to work at reduced temperature and reaction time.
The main purpose of this study was to gain a more accurate understanding of the quantities of NaOH needed for pretreatment of barley straw into biofuel precursors at 105 o C for 10 min. The performance of NaOH on barley straw was evaluated through morphological and chemical changes using SEM, AFM, FTIR, XRD, and enzymatic hydrolysis. The AFM study of barley straw scrutinizes the roughness or grains to find out the effective alkali concentration. 18 .5%, and extractives 6.0%, determined by the method described by Lin et al. [22] . The harvested barley straw was washed with water to remove the dust and then dried at 40 o C. The shredded dried raw material was milled using Thomas Wiley mills (model 4) and sieved to 1 mm diameter particles. These sieved materials were ground again using a bench top power mill (PM-2005; Osaka Chemical, Osaka, Japan) to reduce the particle size to less than 0.25 mm for pretreatment and experiments. Enzyme preparations cellulase complex (NS22074), β-glucosidase (NS50010), and xylanase (NS22036) were kindly provided by Novozymes (Bagsvaerd, Denmark). The total cellulase activity of NS22074 was measured by using a filter paper assay NREL method [1] . The β-glucosidase activity of Novozyme NS50010 was assayed by monitoring the release of p-nitrophenol from pNP-Glc [46] . The xylanase activity was measured using the dinitrosalicylic acid (DNS) method [3] . All chemicals including cellulose powder, xylan, and pnitrophenyl β-D-glucopyranoside (pNP-Glc) were purchased from Sigma Aldrich (USA) and were of analytical grade. Sodium hydroxide was of analytical grade and purchased from Yakuri Pure Chemicals Co. Ltd, Kyoto, Japan.
MATERIALS AND METHODS

Materials
Pretreatment
The pretreatment of ground barley straw samples was carried out in an autoclave with operating mode 105 o C for 10 min. Barley straw samples were pretreated with 0% (water), 0.5%, 1.0%, 1.5%, and 2.0% NaOH solutions at a solid loading of 10% (w/v). The biomass solutions were loaded in screw-capped laboratory glass bottle (100 ml) during pretreatment in the autoclave. After complete cooling of the treated biomass at room temperature, samples were separated into solid and liquid fractions (prehydrolysate liquors) using a Buchner funnel and glass fiber filters (GF-A, Whatman, USA). The pretreated barley straw was washed several times with deminerilized water until neutral pH, and kept in plastic bags and stored at 4 o C. The shredded raw barley straw of sizes around 2~2.5 cm was also pretreated by the same procedure for morphological analysis.
Field Emission Scanning Electron Microscopy (FE-SEM) and Atomic Force Microscopy (AFM) of Barley Straw The morphology of natural and pretreated barley straw samples was analyzed using field emission scanning electron microscopy (FE-SEM) and atomic force microscopy (AFM). FE-SEM was conducted to analyze the microstructural changes and surface characteristics of the control and varying concentrations of NaOH-pretreated barley straw samples. Prior to FE-SEM evaluation, the pretreated sample was cut into small pieces and coated with a thin layer of gold to avoid the sample becoming charged under the electron beam. FE-SEM (FE-SEM-XL-30SFEG; Phillips, Netherlands) micrographs of pretreated, water treated, and natural samples surface were then taken using an accelerated voltage of 15.0 kV.
Samples for the AFM study were prepared and the imaging was performed using XE-100 flagship AFM (Version 1.0 PISA Corporation, Korea). Signal error and topography images were recorded with an overscan ratio of approximately 10% and the scan rate of 0.75Hz. The usual image size was 4 × 4 µm 2 and arrow NC (resonance frequency 280-295 kHz) PISA-910M-NCHR cantilevers (Park Systems, Korea) were used. At least four different scanned areas were analyzed to study the surface morphology from the topography images. The sample position could be located with the help of a computer-controlled scan table. All samples were dried in vacuum desiccators for 24 h before imaging.
Fourier Transform Infrared Spectroscopy (FTIR) of Barley Straw
The structural constituents and chemical changes of barley straw samples were analyzed using Fourier transform infrared spectroscopy (FTIR). The FTIR spectra were obtained by using a powder FTIR spectrometer (VERTEX 80v; Bruker Optics, Germany). The spectral ranges were recorded between 2,000 cm -1 and 800 cm -1
. Discs were prepared by mixing 2 mg of dried sample with 200 mg of KBr [26] .
X-Ray Diffraction (XRD) Analysis of Barley Straw
The cellulose crystallinity of barley straw was analyzed by XRD using a powder X-ray diffractometer (D8 DISCOVER with GADDS; Bruker AXS, Germany) with Cu Kα radiation (λ = 1.5418 Å); the operation voltage and current were maintained at 40 kV and 40 mA, respectively. The 2θ size was from 5 o to 30 o in step size of 0.02 o at a time interval of 0.4 s. The crystallinity of cellulose was calculated according to the method described by Segal et al [33] .
Chemical Component Analysis of Barley Straw
The basic chemical composition (cellulose, hemicelluloses, lignin, and extractives) of all solid samples were analyzed using the method described by Lin et al [22] .
Lignin and Hemicellulose Extraction
Alkali-pretreated (0.5%, 1%, 1.5%, and 2% NaOH) barley straw prehydrolysates were separated using a Buchner funnel and glass fiber filters (GF-A Whatman, USA). For pellet particulates, the separated prehydrolysates were centrifuged at 13,000 rpm at 4 o C for 10 min. The collected supernatants were heated at 60 o C in a water bath, and 20% H 2 SO 4 was added with continuous stirring until pH 2. The samples were kept in an ice bath for cooling to get rapid pellets. After centrifugation, the supernatants were decanted (used later for hemicellulose extraction) and the acid-insoluble lignin pellets were washed several times with acidified water (pH 2). The lignin pellets were dried well and the weight determined gravimetrically. This method was adapted from Lin [23] .
After lignin precipitation, the decanted supernatant was used for hemicellulose extraction. The supernatant was added to anhydrous ethanol while stirring. The volumetric ratio of ethanol/filtrate was 4. The hemicellulose was separated by centrifugation (4,000 rpm, 5 min) and washed with ethanol until the supernatant became colorless. Finally, the isolated hemicellulose was dried in a vacuum oven at 50 o C for 24 h and its weight determined gravimetrically. This method was adapted from procedures described by Liu et al. [27] .
Enzymatic Saccharification
The enzymatic hydrolysis was performed in a batch system. The total batch volume was 3 ml with selected enzyme doses and dry powder of barley straw samples concentration of 10 mg/ml. The mixture was buffered with 50 mM acetic acid-sodium acetate, pH 4.8. Enzymatic hydrolysis was carried out at 50 o C for a certain time in a reciprocating shaker bath. The reaction was monitored by withdrawing samples from the supernatant periodically and measuring release of soluble reducing sugars by the DNS assay using D-glucose as a standard [28] . Total reducing sugars that can form some aldehyde or ketone (including disaccharides, monosaccharides) can be measured by the DNS method. All assays were performed in triplicate. Yield of reducing sugars from barley straw was calculated as follows: (1) The "regenerated barley straw weight" refers to the amount of dry powder of barley straw regenerated after pretreatment. The above procedure was adapted from the method described by Li et al. [21] .
Statistical analysis was performed with one-way analysis of variance (ANOVA) followed by Dunnett's t test using SPSS statistical software of ver. 10. P < 0.05 was considered to be statistically significant when compared with control.
RESULTS AND DISCUSSION
Morphological Characterization
This study provides information on the structure and surface property changes that take place in barley straw upon alkaline NaOH pretreatment. The cuticular waxy layer on barley straw has very low permeability to cellulose-degrading enzymes and it was expected that alkaline NaOH pretreatment could sufficiently remove the outer granular waxy surface and allow direct contact with digesting enzymes. The present study focused on removing the cuticular granules of noncellulosic material using varying concentrations of alkaline NaOH pretreatment. SEM images at magnifications 500× (data not shown) and 1,000× were obtained for control and alkaline NaOHpretreated (0.5-2% NaOH) barley straw samples. Fig. 1A shows that the surface of natural barley straw was flat, rough, and continuous. NaOH pretreatment at a concentration of 0.5% resulted in damage to the external cell structure and increased the exposure of the internal cell structure (Fig. 1C) , increasing the external surface area. The NaOHpretreated sample was much softer and more amenable to digestion than the natural sample, and the waxy coat structure of lignocellulose was partially removed. Pretreatment at 1% and 1.5% NaOH resulted in more severe degradation ( Fig. 1D and 1E ). At these concentrations, the particle size of the sample was reduced, and the upper smooth surface containing noncellulosic materials was removed. Delignified cracks could also be seen on the surface of the NaOHpretreated barley straw at a magnification of 1,000×. The cracks were caused by removal of the easily digested lignocellulose fraction (such as hemicellulose). Partial removal of lignin at 1% NaOH resulted in biomass swelling and disruption of the lignin structure. NaOH pretreatment at concentrations of 1.5% to 2% yielded similar images by FE-SEM. In comparison with the pretreated samples, there was only a slight crimp on the surface of water-pretreated barley straw (Fig. 1B) , whereas significant change occurred in the structure of lignocellulose after 0.5% NaOH pretreatment (Fig. 1C) , but more erosion could be seen on
the surface of 2% NaOH-pretreated barley straw (Fig. 1F) . This might result from the degradation of linkages between lignin and hemicelluloses. Fig. 1E showed the exposed cellulose fibers were still stuck to each other owing to partial removal of lignin and hemicellulose, whereas Fig. 1F showed the cellulose fibers were well separated because of comprehensive removal of lignin and hemicelluloses. The diameter between each cellulose fibers was approximately 10 µm. A similar size and morphological features of cellulose fibers were reported for Miscanthus giganthus by Wang et al. [41] . Concentrations of 1.5% and 2% NaOH caused surface damage, but structural change analysis revealed that 2% NaOH was the most effective. FE-SEM revealed that as the concentration of NaOH increased, the internal fibrillar structure became swollen. This results in a swollen state of the biomass, making it more accessible to enzymes and bacteria [9] . We observed significant change in the original structure of lignocellulose upon 0.5% to 2% alkaline NaOH pretreatment, suggesting that pretreatment is a key step in the digestion of the compact structure and can increase enzyme accessibility to cellulose microfibrils.
AFM has been applied to the structural studies of pulps and its components such as cellulose, hemicellulose, lignin and extractives [8] . Therefore, the AFM study was carried out for a better understanding of the qualitative changes of barley straw surface after alkaline pretreatment. The AFM can generate fine surface topography of barley straw at atomic resolution. Fig. 2 shows AFM images of ultrastructural changes in natural and alkaline NaOH-pretreated barley straw. Fig. 2A illustrates the cross-section of natural barley straw, where the arrow sign indicates the cuticular waxes layer. Fig. 2B illustrates that natural barley straw appears to be blocky and heterogeneous owing to the presence of large grains consisting of lignocellulosic and phenolic compounds coated with a noncellulosic waxy layer. These noncellulosic materials can be seen as grains under topographic images in AFM. The number and the size of the grains decreased after pretreatment with alkaline NaOH, which results in an apparently smoother surface. The image of 0.5% NaOH-pretreated barley straw (Fig. 2C) shows many fewer grains compared with natural barley straw. The barley straw sample pretreated with 1% NaOH (Fig. 2D) shows that the initial grains still existed on the sample surface but in comparatively lower number. This demonstrates that the noncellulosic waxy grains were maximally removed from the 1% NaOH-pretreated sample compared with the control and 0.5% alkaline NaOHpretreated samples. In addition, the orientation of the granular layer disappeared upon further pretreatment with 1.5% and 2% alkaline NaOH, as shown in Fig. 2E and 2F . It appears that increasing concentrations of alkaline NaOH increased the removal of granular structure on the surface of the raw barley straw. Granules or surface grains mainly consisted of lignin, but some hemicellulose and extractives might also have been embedded [35] . The lignin has been found to be granular, however, with irregular size and shape of the grains [36] . Moreover, Gustafsson et al. [8] reported that, the granular phase might be interpreted to Fig. 1 . FE-SEM images of barley straw surface after pretreatments.
All pretreatments were carried out at 105 o C for 10 min. (A) Natural barley straw; (B) Water-pretreated; (C) 0.5% NaOH-pretreated; (D) 1% NaOHpretreated; (E) 1.5% NaOH-pretreated; and (F) 2% NaOH-pretreated barley straw. Images were taken at 1,000× magnification.
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consist mainly of noncarbohydrates, (i.e., lignin and extractives) and only partly of carbohydrates. From the above studies, it can be nicely concluded that the 2% NaOH pretreatment almost removed all amorphous lignin and extractives, and partially hemicelluloses from barley straw surfaces.
Structural Constituents and Chemical Changes
The chemical changes and structural constituents of pretreated and natural barley straw samples were investigated by using FTIR spectroscopy. The FTIR spectra of natural and NaOH-pretreated barley straw are shown in Fig. 3 revealed that the peak maximum, or the absorbance, was changed by NaOH pretreatment. The characteristics are shown in Table 3 . Various reactions are indicated, such as the inclusion of alkaline NaOH in the cellulose and the splitting and formation of new inter-and intramolecular hydrogen bonds. A small sharp band at 897 cm -1 is characteristic of β-glucoside linkage and demonstrates the presence of sugar units in the cellulose and hemicellulose. After 2% NaOH pretreatment, the peak at this region was more intense than the other pretreated and natural samples. Similarly, the intensity order of the absorption band at 1,432 cm -1 was 2% NaOH-pretreated >1.5% NaOHpretreated samples. The peak at 897 cm -1 that characterizes the C-O-C stretching of β-glucosidic linkages was more intense, and indicates the presence of cellulose II or amorphous cellulose. Moreover, bands appeared at 1,373 cm , representing CH 2 scissoring motion in crystalline cellulose, particularly type I cellulose. A sharp stretching at 1,163 cm -1 that represents β-(1 → 4) glucoside linkages was seen in the 2% NaOH-pretreated sample. This result indicates that 2% NaOH pretreatment exposed BN, Natural barley straw; B1, 0.5% NaOH-pretreated; B2, 1% NaOHpretreated; B3, 1.5% NaOH-pretreated; and B4, 2% NaOH-pretreated barley straws. All pretreatments were carried out at 105 o C for 10 min.
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more crystalline cellulose than 1.5% or 1% NaOH pretreatment. Therefore, 2% NaOH-pretreated barley straw exposed more surface area of amorphous cellulose for enzymatic attack and was most probably the cause of significant reducing sugar yield. Ether bonds (ar-C-O-C-al) at 1,253 cm -1 gradually disappeared with increased concentration of NaOH, and almost disappeared after 1.5% and 2% NaOH pretreatments. This means that after 2% NaOH pretreatment, maximum ether linkages between lignin and carbohydrates were broken. The peak at 1,516 cm , representing aromatic C=C stretching of the aromatic ring of lignin, was diminished in 2% and 1.5% NaOH-pretreated samples. It is firmly concluded that the disappearance of lignin peaks at 1,253 cm -1 and 1,516 cm -1 were due to removal of lignin wrapping on the surface of cellulose fibers of pretreated samples. Moreover, peaks of around 1,734 cm
, corresponding to ester-linked acetyl, feruloyl, and p-coumaroyl groups between lignin and hemicelluloses [41] , were predominant in natural barley, lowered gradually, but still existed in 1.5% NaOH, and not discernable in 2% NaOH, pretreated samples. Therefore, disappearance of the peak at 1,734 cm
demonstrates the breaking up of linkages between lignin and hemicellulose, causing removal of hemicellulose. This FTIR study supported SEM micrographs, as Fig. 1E (for 1.5% NaOH pretreatment) shows the exposed cellulose fibers were still stuck to each other owing to partial removal of lignin and hemicellulose. More importantly, Fig. 1F (for 2% NaOH pretreatment) shows that the cellulose fibers were well separated and smoother (Fig. 2F) as a result of removal of residual hemicellulose and lignin. Therefore, the 2% NaOH pretreatment on barley straw exposed more crystalline cellulose by removing lignin and hemicellulose.
The peaks around 1,057~1,038 cm -1 are associated with cellulose and hemicellulose; the absorbance intensities gradually increased with increasing NaOH concentration in pretreatment. The maximum absorbance intensity around this peak was found for 2% NaOH-pretreated sample from where maximum hemicellulose was removed (confirmed by disappearance of peak at 1,734 cm -1 ). Therefore, the 2% NaOH-pretreated barley straw exposed more crystalline cellulose rather than hemicellulose.
Cellulose Recovery and Crystallinity
The cellulose content of natural and pretreated samples is presented in Table 1 . The weight recovery of pretreated samples decreased gradually with increased concentration of NaOH. The cellulose recovery was determined as 99.48%, 99.42%, 99.32%, and 99.05% for 0.5%, 1.0%, 1.5%, and 2% NaOH pretreatments, respectively. The slight decrease of cellulose recovery at 2% NaOH-pretreated sample was due to the strong alkaline effect of NaOH on barley straw.
The measurement of cellulose crystallinity provides a qualitative or semiquantitative evaluation of the amount of amorphous and crystalline cellulosic compounds in the pretreated barley straw sample. Owing to the complex nature of bonding between the cellulose, hemicellulose, and lignin, the major chemical classes in the biomass is necessary to justify the XRD observations. The CrI (crystallinity index) is influenced by complex biomass, in which the lignin and hemicellulose are considered as amorphous, whereas cellulose is considered as crystalline [11] . Crystallinity of biomass material has been regarded as a major factor influencing the degradation of cellulose. The main effect of NaOH pretreatment is the removal of hemicellulose and lignin, which are amorphous in structure. In the present study, the CrI values of barley straw samples were determined by measuring the relative amount of crystalline cellulose in the total solid. Of the three main components, the amorphous part includes not only amorphous cellulose but also hemicellulose and lignin. The X-ray methods measure the crystallinity of the entire material, including the hemicellulose and lignin, in addition to amorphous cellulose [17] . Therefore, the CrI is not only influenced by the composition of the biomass but also the crystallinity of cellulose itself. We performed XRD studies on 0.5% to 2% NaOH-pretreated and natural samples. The XRD analysis of various biomass samples is graphically presented in Fig. 4 . The peak height of the graph increased with increased NaOH concentration and the maximum was found for 2.0% NaOH-pretreated sample. The CrI values of the pretreated samples were determined and compared with the CrI of natural barley straw ( Table 1 ). The CrI values of natural, and 0.5%, 1%, 1.5%, and 2% NaOH-pretreated, and avicel samples were determined to be 45.10%, 52.25%, 57.86%, 65.30%, 71.5%, and 74.4%, respectively. It was clear that barley straw pretreated with increased NaOH concentrations led to a significant increase of CrI compared with the natural sample. This was due to the fact that the higher concentrations (1%, 1.5%, and 2% NaOH) led to greater removal of hemicellulose and lignin content in these samples. It was reported that increased CrI might be caused by the degradation and modification of amorphous components [11] , hemicellulose and lignin [15, 18] . Therefore, the increased CrI of NaOH-pretreated barley straw suggested that cellulose became more exposed. Increased CrI after pretreatment has been observed in many previous investigations [26] . In the present study, the peak height of the graph for barley straw increased approximately in proportion with the cellulose content of the biomass. It indicates that the increased CrI upon alkaline NaOH pretreatment was primarily due to removal of amorphous substances (lignin and hemicellulose), not due to changes in the basic crystalline structure of the cellulose.
Lignin and Hemicellulose Distribution Across the Pretreated Samples and Liquors
The basic polymeric compositions of natural and NaOHpretreated barley straw were estimated and are listed in Table 2 . The level of lignin and hemicellulose was decreased with increased concentration of NaOH in the pretreated samples, whereas the cellulose level in the pretreated sample was increased, and the estimated maximum was in the 2% NaOH-pretreated sample with lowest content of lignin and hemicellulose. The lignin level in natural barley straw was less than half of cellulose. Interestingly, C, α-Cellulose; BN, natural barley straw; B1, 0.5% NaOH-pretreated; B2, 1% NaOH-pretreated; B3, 1.5% NaOH-pretreated; and B4, 2.0% NaOHpretreated barley straw. All pretreatments were carried out at 105 o C for 10 min. C=O stretching of unconjugated ketone and carboxyl groups [44] about 50% of the lignin level was reduced in the 0.5% NaOH-pretreated sample. The hemicellulose content was comprehensively reduced after 2% NaOH pretreatment. The hemicellulose and lignin removal was calculated gravimetrically and the results are presented in Fig. 5 . The quantification of acid-insoluble lignin confirmed that the removal of lignin from barley straw was increased significantly (p <0.05) with increasing concentration of NaOH. The highest lignin removal was obtained at 84.8% with 2% NaOH pretreatment, and the progressive diminution of lignin removal was 70.28%, 58.9%, and 45.55% for 1.5%, 1%, and 0.5% NaOH pretreatments, respectively. The delignification of sorghum straw and wheat straw attained 77.3% and 72%, when pretreatment was carried out in an autoclave at 121 o C by 2% NaOH for 90 min, respectively [39] . The lignin removal of 70.28% by 1.5% NaOH in this study was relatively lowers but an increased removal of 84.8% was achieved by 2% NaOH pretreatment. Lignin is a three-dimensional complex aromatic polymer, which forms a sheath surrounding cellulose and hemicellulose, stiffing and holding together the fibers of polysaccharides [6] . By this study, it is assumed that the 2% NaOHpretreated sample will be more enzyme digestible than the other samples.
Liu et al. [27] showed that the hemicelluloses, precipitated in ethanol after an acidification step (Method 2), had a very high brightness (83% ISO) and low lignin content (0.44%). In the current study, this advantage has been taken and we recovered fine-quality hemicelluloses. The simultaneous recovery of lignin and hemicellulose from barley straw prehydrolysate liquors is being reported here first. As with lignin, the hemicellulose removal from prehydrolysate liquor was enhanced significantly (p < 0.05) by increasing the NaOH concentrations. The hemicellulose removal from pretreated samples, based on analysis of the prehydrolysate liquor, was enhanced as 29.5%, 38.65%, 58.8%, and 79.5% after 0.5%, 1%, 1.5%, and 2% NaOH pretreatments, respectively (Fig. 5) . Because hemicellulose interaction with cellulose forms a physical barrier to enzyme attack, effective hemicellulose solubilization can help enhance the digestibility of cellulose, thus increasing enzymatic conversion efficiency during hydrolysis [13] . The higher level of hemicellulose removal at 2% NaOH pretreatment may be attributed to its improved saccharification. The simultaneous recovery of lignin and hemicellulose from prehydrolysate liquor is the essence to reduce bioethanol production cost by converting to phenolic biochemicals and xylooligosaccharides, respectively.
Enzymatic Saccharification of Cellulose Enrich Pretreated Samples
Reducing sugar yield is the most important factor for evaluating the performance of sodium hydroxide concentration in this pretreatment condition. Lignocellulose pretreatment conditions impact substrate characteristics, resulting in different enzymatic hydrolysis performances (i.e., sugar yields and hydrolysis rates) at different enzyme loadings [47] . Therefore, five different types of substrates (natural, three pretreated samples, and avicel) were investigated for enzymatic hydrolysis with 2 different enzyme doses. Fig. 6 shows the reducing sugar yield from natural barley straw and 1%, 1.5%, and 2% NaOH-pretreated samples at the enzyme loading (dose 1) of 15 FPU/g substrate of cellulase and 30 IU/substrate of β-glucosidase. The reducing sugar B1, 0.5% NaOH-pretreated; B2, 1% NaOH-pretreated; B3, 1.5% NaOHpretreated; and B4, 2% NaOH-pretreated liquors of barley straw. All pretreatments were carried out at 105 o C for 10 min. The data presented are averages of three separate experiments. The average LSD (P = 0.05) = 3.301 and 2.901 for lignin and hemicellulose, respectively. Fig. 6 . Reducing sugar yield obtained by Avicel; BN, Natural barley straw; B2, 1% NaOH-pretreated; B3, 1.5% NaOHpretreated; and B4, 2% NaOH-pretreated barley straws.
Enzyme dose content was 15 FPU/g substrate of cellulase (NS22074) and 30 IU/g substrate of β-glucosidase (NS50010). The data presented are averages of three separate experiments and the LSD (P = 0.05) = 1.447.
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yield of natural barley straw was low (12.5%), whereas the pretreated samples were highly amenable to enzymatic hydrolysis and led to higher reducing sugar yields of 45%, 67%, and 78% for 1%, 1.5% and 2% NaOH-pretreated samples, respectively. Therefore, the data in Fig. 6 demonstrate that increase in alkali concentration significantly (p < 0.05) improved the enzymatic saccharification of pretreated barley straw samples. As expected, 1.5% NaOHpretreated sample had a resistance to enzymatic hydrolysis, and the maximum sugar yield was 67%. A study reported that supplementing the enzyme mixture with additional hemicellulase/xylanase activity should improve hydrolysis of mildly pretreated substrates containing higher amount of xylan [5] . Therefore, to explore the potentiality of higher sugar yield in 1.5% and 2% NaOH-pretreated samples, enzymes loadings (dose 2) of 20 FPU/g substrate of cellulase, 40 IU/g substrate of β-glucosidase, and additional 4 FXU/g substrate of xylanase were used for hydrolysis. As a consequence, the sugar yields were estimated as 74% and 86.5% for 1.5% and 2% NaOH-pretreated samples. A paired sample t-test of 1.5% and 2% NaOHpretreated samples was conducted to compare the reducing sugar yields in enzyme doses 1 and 2. The reducing sugar yields in dose 2 were significantly (p < 0.05) improved after 72 h, as shown in Fig. 7 . Further addition of xylanase, as 6 FXU/g substrate with 20 FPU/g substrate of cellulase and 40 IU/substrate of β-glucosidase, could not increase the total reducing sugar yields (data not shown). Higher reducing sugar yields were exhibited in pretreated sample owing to higher delignification, which suggests that NaOH pretreatment could increase the surface area and volume of substrate that allowed sufficient contact with cellulase and β-glucosidase. Hong et al. [10] reported that decrystallized (amorphous) cellulosic materials have much higher cellulose accessibility to cellulase (~20-fold) than that of the nonpretreated samples [10] . In this study, the cellulose fibers were well separated (Fig. 1F) , but the evidence of cellulose fiber destructuration was not found after 2% NaOH pretreatment.
After steaming of wheat straw at 219 o C for 2 min, the hemicellulose recovery was 55%, which followed by alkali pretreatment (using 20% NaOH at 160 o C for 60 min) showed viscose-grade cellulose of 70%, and lignin recovery of 70% [29] . Pretreatment severity increased to 3.8, 3.98, o C for 2 min, which followed by alkali pretreatment (using 20% NaOH at 160 o C for 60 min) caused lignin recovery of 70.5%, 81.6%, and 90.8% [30] . Wheat straw pretreatment using 2% NaOH [solid loadings 10% (w/v)] showed 85% total sugar yield when the pretreatment condition was optimized at 121 o C for 30 min, and delignification of 72% at 121 o C for 90 min [39] . These two alkali pretreatments of wheat straw show a significant difference in severity. Moreover, in the same study, 2% NaOH pretreatment to sorghum straw showed a total sugar yield of 79.9% at 121 o C for 30 min and delignification of 77.3% at 121 o C for 90 min [39] . However, a previous report of alkali pretreatment on sugarcane bagasse, optimized at 100 o C for 1 h and 0.1 g NaOH/g bagasse, showed a glucan yield of 64.5% [7] . Moreover, higher enzyme accessibility was shown for plants grown in saline soils such as Leptochloa fusca (70.8%), Panicum maximum (85.9%), and Atriplex amnicola (45.4%) when these biomasses were autoclaved with 2% NaOH solution [solid loadings 5% (w/v)] [20] . In the above studies, alkali pretreatment of different biomasses for saccharification was carried out within 15~60 min, whereas in the current study, the pretreatment time was 10 min, a comparatively short residence time. In addition, biomass particle sizes were around 0.4~1.5 mm, whereas in the current study, the biomass particle sizes were less than 0.25 mm, which probably facilitated the higher reducing sugar yields. It was reported that the milling process increased the number of substrates sites susceptible to cellulase on cellulose by baring the cellulose surface, because the initial rate of cellulose hydrolysis is influenced by the number of substrate sites [46] . Moreover, ammonia fiber expansion (AEFX)-pretreated corn strover ground to <0.1 mm was shown in a side-by-side comparison to give absolute monomeric Glc yields that are 20% to 30% higher than AFEX-strover ground to pass a 0.5 mm screen size [4] . Therefore, a lower particle sizes of biomass had an added advantage to increase the saccharification in this study.
In many previous studies, SEM, FTIR, and XRD have been used for characterization of biomasses after pretreatment. However, the surface granules or roughness composed of lignin, extractives, and partially hemicelluloses could not be detected by SEM, whereas AFM could detect its existence. The barley straw surface granules were visualized using AFM and indicated that almost delignification appeared after 2% NaOH pretreatment at 105 o C for 10 min. The AFM results has consistence with further downstream experiments. The above results suggest that the 2% NaOH is the optimum for barley straw pretreatment at boiling temperature (105 o C) with a low residence time (10 min).
In conclusion, the mild alkali boiling of lignocellulosic barley straw comprehensively removed lignin and improved enzymatic hydrolysis. The chemical composition of pretreated barley straw was changed with increased concentration of NaOH pretreatment. The barley straw had shown higher cellulosic contents after NaOH pretreatment. Our results showed that a 2% NaOH pretreatment disrupted the recalcitrance structure of barley straw and enhanced the reducing sugar yield (86.5%). Therefore, we conclude that a 2% NaOH concentration is the optimum for production of fermentable sugar at the mentioned conditions. Despite the availability of several pretreatment studies, alkali boiling with a low residence time is scarce, especially for barley straw. Therefore, this dilute alkali pretreatment method for barley straw can provide new insight into the bioethanol production. A future work should be focused on the energy expenditure, inhibitor generation, and fermentation of barley straw by this pretreatment process.
